Because there is some contamination of practically every body of water, risk analysis is important to determine diving exposure standards to pollutants, including requirements for protective equipment. In the following study we attempt to determine the increased risk of cancer in Israeli Naval divers exposed to pollutants in the Kishon River system. We calculated two risks, one using maximally recorded levels of pollutants outside the diving areas (worst-case scenario), and the other using maximally recorded levels in the actual diving areas. For both calculations we used conservative assumptions for exposure (2500 exposure hours with 50% of body covered with sediment), and a synergistic risk model. We considered all chemicals that were carcinogenic by inhalation also to be carcinogenic by oral and dermal absorption. The relative risk was 1.13 for the worst-case scenario, and 1.004 for exposures in actual diving areas. We conclude that it is unlikely that exposure to the polluted Kishon River waters can cause a detectable increase in cancer risk in Israeli Navy divers. This study has implications for professional divers exposed to polluted waters.
INTRODUCTION
Contaminated water is defined as water that contains any chemical, biological, or radioactive substance that poses a chronic or acute health risk to exposed personnel (US Navy 2004) . Risk analysis is important to determine diving exposure standards, including the need for protective equipment because there is some contamination of practically every body of water (US Navy 2004) . Recently there were two studies in Israeli Navy divers with conflicting results. One suggested a two-fold increase in risk of cancer compared to the general population (Richter et al. 2003 ) and the other no increased risk (Government of Israel 2001) . Risk analysis was not done in these studies and we are unaware of previous attempts to quantify risks in divers exposed to polluted waters.
In the following study we attempt to determine whether it is plausible that exposure to the polluted Kishon River waters and sediment might lead to a detectable increased lifetime risk of cancer. We calculated two risks. The first used maximally recorded levels of pollutants outside the diving areas in order to make our findings relevant to other situations with exposures greater than those experienced by the Israeli Naval divers (worst-case scenario). The other used maximally recorded levels in the actual diving areas. For both calculations we used conservative assumptions for exposure and a synergistic multiplicative risk model. We considered all chemicals that were carcinogenic by inhalation also to be carcinogenic by the oral and dermal routes of absorption.
METHODS
We tabulated maximal water and sediment concentrations measured during the years 1970-1998 from the Kishon water system (Government of Israel 2001). The river's flow is made up of more than 50% sewage and factory effluents during most times of the year. The measurements were made in four areas: in upstream areas including direct factory discharges, and in three areas where there was diving activity (the Fisherman's Cove, the Kishon Harbor, and the Haifa Harbor (Figure 1) ). The factories included petroleum distillation, chemical production, fertilizer production, petroleum product production, and a municipal sewage plant. Numerous other factories polluted the N Gedora River (a tributary of the Kishon River) and there was significant local harbor pollution. In the risk analysis, we included all pollutants defined as definite or probable carcinogens by any route of exposure.
No exact hours of diving were available, but we used the maximum hours reported from two sources (Government of Israel 2001; Richter et al. 2003) . Some divers claimed up to 300 h of diving time in the Kishon Harbor, and tens of hours in the Fisherman's cove. Others reported very few hours in the Kishon Harbor and none in the Fisherman's cove. Most hours were spent in the Haifa Harbor or in areas outside the Kishon River system with water concentrations similar to the maximal contamination limit (MCL) for drinking water, and low sediment concentrations (Table 1) . To err on the conservative side for the calculations of exposure in actual diving areas, we considered that the divers spent on average 2000 h in the Haifa Harbor area, 400 h in the Kishon Harbor, and 100 h in the Fisherman's cove. This is a very conservative estimation because on interview only 1 of 26 divers claimed to have values close to those just stated, and the median time spent diving in the 3 areas was less than 1000 h total. Wet suits with a half facemask and a mouthpiece regulator were typical diving equipment. For the calculation of both risks we assumed that there were 2500 total hours of skin exposure to water on 1000 dives as claimed previously. We also considered that the sediment contact was similar to that in children playing in the mud with half of their body smeared with sediment (geometric mean 21 mg/cm 2 (USEPA 2004)) for 1250 h, and that the divers ingested on average 100 cc of water on each dive. This is also a conservative estimate, because interviewed divers claimed that no observable water reaches their gastrointestinal tract, and that exposure to sediment included only exposure of their hands or feet and neck for only a very small proportion of the total diving time. A recent study of divers estimated that they swallowed on average around 10 cc of water on each dive (Schijven and Husman 2006) . Absorption was calculated by the following equations as suggested by the U.S. Environmental Protection Agency For comparison, we considered the amount of chemicals absorbed from drinking water at the MCL set by the USEPA (25,500 days, and two liters per day over 70 years). Also we considered other sources of chemical exposure such as from food and urban air. Finally we calculated acceptable levels of chemicals that might be absorbed at the workplace if exposed to levels at the threshold-limiting value-time weighted average (TLV-TWA, American Conference of Governmental and Industrial Hygienists) or permitted exposure limit (PEL, U.S. Occupational Safety and Health Administration) during full work shift for 220 days per year for 47 years taking into consideration expected systemic lung absorption proportions and inhalation of 10 m 3 per shift. Although this represents a greater risk than what is acceptable for the general population, it is considered acceptable in the workplace and might be appropriate for professional divers.
Lifetime risk of cancer was assumed to be 30%, the approximate risk of developing cancer by age 75 in white males in the United States (SEER 2003 (SEER -2005 , calculated using Devcan Version 6.2.0, April 2007, National Cancer Institute, http:// srab.cancer.gov/devcan/). We used the cancer slope for oral absorption when available (USEPA 2005a,b) . The daily lifetime dose from drinking water of benzene resulting in a 1 in 100,000 (10 -5 excess individual cancer risk over a lifetime) has been estimated to be 10 µg/L (USEPA 2005a), whereas for B(a)p it is 0.05 µg/L (USEPA 2005b). These cancer slopes are virtual risks, assuming a linear model.
For substances without an oral cancer slope, we assumed that the amount of chemical absorbed in drinking water (at the MCL for 70 years) results in an additional lifetime risk of cancer of 1 per 100,000 men or in other words a lifetime risk of 0.300001 instead of 0.300000 for the general population. The relative risks for the various carcinogenic compounds were multiplied together assuming a multiple synergistic model. Benzo(a)pyrene (B(a)p) was taken as a surrogate of the various members of the polyaromatic hydrocarbons (PAHs) family, and the carcinogenic potential of the PAH exposure was calculated as if the total measured PAHs was all B(a)p. We were unable to use a weighed toxic equivalency factor for the PAH because we did not have the individual PAH concentrations in the sediment or in the water.
RESULTS
Maximal chemical concentrations in the water and sediments were much greater upstream (Table 1, Figure 1 ), and decreased as the river approached the sea. This was due to dilution by sea water because the river bed of the Kishon River is around 5 meters under sea level at the Fisherman's cove and 4 meters below sea level 2 km further upstream.
For the worse-case scenario, the greatest total lifetime risk was 0.33795 for B(a)p ( Table 2 ). The calculated risk in actual diving sites was 0.30126 for B(a)p exposure. The relative risk was calculated by dividing the lifetime risk by the expected risk of 0.3. This gave a relative risk for PAHs of 1.13 in the worst-case scenario, and 1.004 for exposure in the actual diving areas (Table 3) . Using a synergistic multiplicative risk model did not increase the relative risk over that for the PAH alone (1.13 compared to 1.0001 times 1.0006 times 1.0002 times 1.000003 times 1.000005 times 1.00003 times 1.13 = 1.131). Considering the concentrations of chemicals in the actual diving areas, none of the total absorption exceeded that of absorption at the recognized working standard and only PAH absorption was more than that absorbed by the general population (2.5-fold greater than that absorbed from food). However, for the worst-case scenario dermal cadmium and PAH absorption was more than and chromium close to that of pulmonary absorption in a worker exposed to air concentrations at the recommended concentration limits for an 8-h working day.
DISCUSSION
The major finding of our study is that no detectable increase in cancer risk is biologically plausible for Israeli Navy divers exposed to polluted waters and sediments for an average of 2500 h. This is also true for extensive and prolonged exposure to polluted sediments in areas with greater levels of pollution (outside the actual diving areas). Analysis of risk from sediment is particularly important because nearly all the carcinogenic pollutants concentrate in the sediments. This is a conservative assessment for several reasons. First, the evidence suggests that chemicals shown to be carcinogenic by inhalation are not equally carcinogenic by oral or dermal absorption. Second, we used maximal contaminant levels that are greater than the average levels to which the divers were exposed. Finally, the exposure time was greater than the estimated median time, and actual exposure to sediments was much less than that used in the model. The synergistic model was nearly identical to an additive model, true mathematically for any combination of multiple exposures with very low risks. We could not find other studies similar to ours, but our findings are consistent with a previous study that concluded that there was no increased risk of cancer in children and adults exposed to polluted sediment on 15% of their body surface for 240 h per year (Albering et al. 1999) .
The major calculated risk for the worst-case scenario came from PAHs. The risk was overestimated because we assumed that all the PAHs measured were carcinogenic. For the worse-case scenario 86% of the absorption came from PAHs in the water, and water has a greater proportion of noncarcinogenic polycyclic aromatic hydrocarbons compared to sediments (Shor et al. 2004) . Assuming extreme exposures for prolonged diving times, with 50% of the body smeared with sediment, and that all the PAH in water and sediment had the carcinogenic potency of B(a)p, the calculated standardized incidence ratio was 1.13 for the worse-case scenario and 1.004 using maximal concentrations found in the actual diving areas. Even in the worse-case scenario, the PAHs absorbed through the skin was two-fold less than that from lung absorption from air concentrations at the upper limit of work standards.
Inhalation of high concentrations of PAHs (much greater than the work standards) are associated with an increased risk of lung cancer (USEPA 2005b), and dermal exposure has been reported to increase the risk of squamous cell skin cancer, primarily of the scrotum. It has not been demonstrated in humans that PAH exposure results in cancers outside the area of direct contact, but in some animals with oral exposure to more than 10,000 times that found in the human diet (100fold over that potentially absorbed in the worse-case scenario), cancers were reported outside the contact area (USEPA 2005b). The diver's scrotal area is usually protected from exposure to sediment by the wet suit.
Divers exposed to the high concentrations of benzene in water and sediment (worse-case scenario), would absorb 1812 mg over the 2500 h of diving, similar to absorption from outdoor air on average by the general population over 70 years of breathing time (Wallace 1996) . This resulted in a calculated risk that did not measurably add to the risks of the other exposures. In the worst-case scenario absorption was 40 times less than that allowed from workplace exposures at the TLV-TWA concentrations (Duarte-Davidson et al. 2001) .
There are no oral cancer slopes proposed by the USEPA for cadmium, chromium, or nickel (ATSDR 1997; 2005c,d) although quantitative estimates of carcinogenic potency from inhalation are available. This is because there is no increase in cancer in animals exposed to very high concentrations of these substances by the oral or dermal routes of absorption. Japanese exposed to high levels of cadmium in their food had an increased total mortality rate in those with proteinuria, but there was no significant increase rate of cancer over a 15-year follow-up period (Arisawa et al. 2001) .
Inhaled chromium VI is considered a definite carcinogen for lung cancer, but the evidence is poor that chromium is a carcinogen either by oral or dermal absorption (Paustenbach et al. 2003; USEPA 2005d) . Because inhalation of chromium VI can cause lung cancer in some persons exposed to a sufficient airborne concentration, questions have been raised about possible hazards associated with exposure to chromium VI in tap water via ingestion, inhalation, and dermal contact. If there is such a risk it might be mitigated by an observed threshold of 10 mg/L to 22 mg/L due to the reductive capacity of the stomach, skin, and blood (Paustenbach et al. 2003) .
The exposure to both nickel and arsenic were minimal and represented only a small fraction of that allowed at the drinking standard. Soluble nickel is not considered to be carcinogenic by oral or dermal absorption. Further, absorption of arsenic from drinking water is definitely carcinogenic. The levels of arsenic in the water and sediment of the Kishon River were low and consistent with natural conditions. However, high concentrations of arsenic are potentially hazardous to divers with prolonged exposure to water and sediment.
Our findings are consistent with the weak epidemiological evidence for an exposure-related increased risk of cancer in the Israeli Naval divers. There are major differences in the methodology between the two reports on cancer morbidity in the Israeli Naval divers. Richter et al. (2003) defined a cohort of 682 undersea divers from written materials received from one retired senior officer and from interviews with other senior officers and reported 51 cancers (44 after excluding malignant melanoma), an increased risk of 2.3 compared to expected cases in the general population. On the other hand The Israeli Government Committee (2001) identified 4256 soldiers from lists who were at any time in the Israeli Naval Diving unit. Only 1541 of the soldiers were actually exposed to the Kishon waters and sediments, and of those only 39 were found in the Cancer Registry. They compared the exposed divers to that expected in the general population and also to those who were at anytime in the unit but were not exposed. They found 31 cancers (not including malignant melanoma) compared to 29.5 cancers expected in the general population.
Compared to unexposed soldiers there was no difference in cancer incidence (1.03, 95% confidence interval, 0.60-1.79). It is unclear why the number and types of cancers varied between the two studies but neither study found an increased risk of a certain type of cancer. Richter et al. (2003) unexpectedly found an increased risk for colon cancer, a cancer unassociated with chemical exposures in the workplace or even with cigarette smoking (Giovannucci and Wu 2006) .
Our findings should be interpreted with caution. There might be other carcinogenic chemicals that were created by chemical reactions of the various pollutants. This is unlikely due to the insolubility and poor reactivity of the various compounds. If there were such carcinogens, our conclusions should be unaltered unless there was a "super" carcinogen at very high concentrations that was not detected.
Secondly, we used constants for the absorption equations from the USEPA website (USEPA 2005e) that often have a low degree of certainty . Dermal absorption is complex and various factors might increase or decrease the actual absorption. Divers might have increased absorption of chemicals due to disruption of the stratum corneum due to injured skin or hydration (Warner et al. 2003 ). There may be trapping of pollutants by the wet suit with increased absorption due to a greater hydrostatic pressure and to occlusion (Richter et al. 2003) . There is, however, no experimental evidence that a greater hydrostatic pressure will increase absorption of chemicals. Increased pressure underwater should not lead to any pressure differential between the water, the skin, and the underlying tissues making such a possibility unlikely. It is also unlikely that the wet suit leads to increased absorption of chemicals. The concentration of chemicals in the water surrounding the body is identical to water outside the wet suit after equilibrium is reached. In fact, the wet suit actually protects most of the body against exposure to the sediments. Furthermore, the areas of the body exposed to sediments were primarily the hands and feet where the penetration index for both hydrophilic and hydrophobic chemicals is one-third to one-fifth of that of the trunk (WHO 2006) . It is also unlikely that injuries to the skin lead to significantly increased absorption of chemicals, because the Israeli Naval divers we interviewed said that they occupationally dived with small healing cuts or abrasions on a small area of their body.
Hydration can lead to increased absorption (Warner et al. 2003 ) but nearly all dives in the more polluted Kishon Harbor area were less than 2 h, probably too short to significantly increase dermal absorption. Studies are needed to determine how dermal absorption varies with exposure time to water of various temperatures. Nevertheless, it is unlikely that we underestimated absorption because we intentionally used unrealistic assumptions that overestimated the potential risks, assuming that 50% of the body was covered with sediment, simultaneously absorbing chemicals from both the sediment and the water.
It is possible that the Israeli Naval divers disturbed the sediment resulting in greater water concentrations than were recorded. There is limited evidence suggesting that agitation of sediment for up to 48 h does not result in increased water concentration for cadmium or chromium (McCormick and Burks 1987) but further studies are warranted to define the effects of agitation of the sediment on water concentrations of pollutants.
Finally, although divers were exposed for up to 20 years, most of the hours were accumulated in the first 5 years and it may be unwarranted to compare exposures
